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We explore proximity effects on transition metal dichalcogenide ribbons deposited on antifer-
romagnetic (AFM) insulating substrates. We model these hybrid heterostructures using a tight-
binding model that incorporates exchange and Rashba fields induced by proximity to the AFM
material. The robust edge states that disperse in the midgap of the dichalcogenide are strongly af-
fected by induced exchange fields that reflect different AFM ordering in the substrate. This results
in enhanced spin-orbit coupling effects and complex spin projection content for states on zigzag
ribbon edges. Gated systems that shift the Fermi level in the midgap range are also shown to ex-
hibit spin polarized currents on these edges. Antiparallel exchange fields along the edge results in
spin currents that can reverse polarization with the applied field. The added functionality of these
hybrid structures can provide spintronic devices and versatile platforms to further exploit proximity
effects in diverse material systems.
Introduction.– Proximity coupling of two-dimensional
(2D) materials with a variety of substrates is an emer-
gent research field greatly expanding the properties of the
different constituents, and creating new optical, trans-
port and even magnetic functionalities [1–3]. Theory and
experiments have demonstrated that proximity-induced
wave function overlap can alter the electronic response,
as evidenced in the spectra of diverse heterostructures
[4–10]. Prominent among many interesting substrates are
those with antiferromagnetic (AFM) order. They possess
zero net magnetization, are resistant to stray fields and
have faster dynamics (in the terahertz range) than most
ferromagnetic (FM) crystals, which makes them suitable
candidates for magnetoelectronic and novel spintronics
applications [11–15].
The strong spin-orbit coupling (SOC) in two-
dimensional semiconducting transition metal dichalco-
genides (TMDs) couples spin and valley degrees of free-
dom [16–18] at the direct bandgap valleys K and K ′ in
the Brillouin zone [19, 20]. In close proximity to fer-
romagnets [21–25], the valley degeneracy of the TMD
monolayer is lifted due to the broken time reversal sym-
metry (TRS), producing spin-splittings in the bands be-
cause of the competition between SOC and the induced
exchange field. An enhanced valley splitting sensitivity
to applied fields of up to 16 meV/T has been measured in
a 2D WS2-EuS system [26], a giant valley splitting (300
meV) and sizable Rashba field (. 100 meV) are predicted
for the commensurate MoTe2-EuO heterostructure [6, 7],
and giant valley splittings in WS2-VN [27].
The proximity effect on TMD deposited on insulating
AFM substrates has been recently explored theoretically
in different structures [28], including WS2-MnO(111)
[29], MoS2-CoO(111) [30], TMD-CrI3(bilayer) [31] and
MoTe2-RbMnCl3(001) [32]. In these hybrid systems, the
atoms of the topmost layer of the substrate closer to the
2D material are typically ferromagnetically coupled, so
that the exchange fields on the TMD break TRS and
generate valley splittings ranging from few to hundreds
of meV, similar to the case of TMD on FM substrates.
The obvious question that arises is if a full AFM order-
ing induced by proximity may contribute to richer spin-
dependent electronic structure and more complex spin
dynamics in TMD-AFM hybrids [12, 13, 33]. We explore
this issue here theoretically, focusing on TMD nanorib-
bons with zigzag edges in order to explore how the spin-
valley structure and robust structural protection of the
material result in interesting behavior and functionali-
ties. Spin-orbit torques are predicted to depend on the
sublattice symmetry potential in AFM honeycomb lat-
tices with Rashba SOC [34], for example.
Zigzag-terminated ribbons possess asymmetric edges
with intrinsic Rashba SOC [35–37]. Robust edge-states
have been shown to be stable on prepatterned substrates
[38], and spin-polarized currents are predicted when the
zigzag ribbons are in proximity to FM substrates [39].
Other stable one-dimensional (1D) conducting channels
have been demonstrated at twin-grain boundaries in
MoTe2 [40], and Majorana bound states at the ends
of zigzag edges have been proposed for dichalcogenide
nanoribbons in proximity to a superconductor [41]. Con-
trol of edge currents is one of the most sought-after quan-
tities in van der Waals engineering, and the 1D spin-
polarized edge channels involving proximity effects here
provide an ideal tunable platform.
We present here a study of MoTe2-AFM hybrid het-
erostructures with different AFM patterns that can in-
duce both magnetic exchange and Rashba fields on the
TMD nanoribbons. The hybrids are modeled by means
of a three-orbital tight-binding Hamiltonian [42], which
includes proximity-induced terms, allowing us to describe
the spin-dependent electronic states and associated spin
dynamics, especially for the edge modes in the 2D bulk
gap. The proximity effects result in augmented Rashba
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2SOC and spin-splitting for the edge modes in the TMD
ribbon. Although the overall order is AFM, we find that
if the induced moments are parallel along the zigzag edge
of the TMD, the system can carry spin-polarized currents
whenever the Fermi level is shifted to the bulk midgap,
similar to the case when on a ferromagnetic substrate.
However, when the induced moments are antiparallel
along the ribbon edges, the spin currents can be tuned in
magnitude and be fully reverse direction. This interest-
ing reversibility promises additional functionalities and
spintronic devices.
System.— To construct the TMD-AFM heterostruc-
tures, the selection of possible AFM substrates is large
and includes Mn-based compounds MnPX3 (X = S,Se),
which have hexagonal lattice, and are semiconducting
[43], as well as MnO [29] or CoO [30]. For concreteness
we study here MoTe2 ribbons, and depending on the spe-
cific material and crystalline face proximate to the TMD,
one could have different underlying AFM ordering. We
have considered two types of AFM order, labeled AFM1
and AFM2, both assumed commensurate with the TMD
lattice and shown in Fig. 1. The induced exchange fields
on the TMD are shown as antiparallel moments with op-
posite magnetization and different periodic patterns from
the AFM substrate projected onto the transition metal
sublattice, and represented by blue (up) and red (down)
arrows. In the MoTe2-AFM1 heterostructure shown in
Fig. 1(a), the magnetic unit cell is twice as large as the
lattice unit cell and the induced magnetization alternates
along the horizontal zigzag edges. For the MoTe2-AFM2
in Fig. 1(b), the magnetic and lattice cells are the same,
as adjacent rows with the same magnetization alternate
across the ribbon but result in parallel moments along
the zigzag edges. Ribbons have length N and width H,
with N even for the AFM1 substrate, to enforce net zero
magnetization. When on the AFM2 substrate, H must
be similarly even. We typically consider ribbons with
1600 Mo-sites with width of ∼125 A˚ (40 Mo sites), and
length of ∼144 A˚ (40 Mo sites), with periodic boundary
conditions along the zigzag edges.
Tight-binding description.–The effects of the AFM sub-
strate are incorporated into the MoTe2 lattice Hamilto-
nian by onsite magnetic exchange and Rashba fields,
HMoTe2−AFM = HMoTe2 +Hex,j +HR. (1)
HMoTe2 describes the pristine TMD Hamiltonian, in-
cluding intrinsic SOC and a matrix of hoppings up to
first-neighbors. It is written in a basis of relevant tran-
sition metal d-orbitals,
{ |dz2 , s〉, |dxy, s〉, ∣∣dx2−y2 , s〉 },
with spin index s =↑, ↓ [42]. Unlike an FM substrate
in proximity to the TMD monolayer, where the induced
magnetic exchange field has the same contribution on
all sites [6, 7, 39], here the exchange Hamiltonian Hex,j
is site-dependent, with opposite moments depending on
the expressed AFM periodicity [44]. We use Bc = 206
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FIG. 1. MoTe2 ribbons in proximity to AFM substrates with
different spatial arrangement of induced exchange fields, (a)
AFM1, and (b) AFM2. AFM substrates are not shown; rib-
bon size and shape are schematic, with length N , width H,
and zigzag edges along the x-axis. The Mo (Te)-zigzag edge
is at y = 0 (H). Top views (slightly tilted) of projected mo-
ments on the Mo atoms shown as blue (up) and red (down)
arrows. Magenta (black) rectangles indicate magnetic (geo-
metric) unit cell, with periodic boundary conditions along the
x-direction.
meV and Bv = 170 meV as typical values for the con-
duction and valence band induced exchange fields, re-
spectively [6]. The broken symmetry generated by the
proximity with the AFM substrate also generates an in-
terfacial Rashba field [6, 39, 45–47], mixing the spin and
orbital components in the MoTe2 monolayer, with cou-
pling λR, estimated to be few tens of meV. The Rashba
field provides an overall canting of spins in the monolayer
bulk, as it competes with the exchange field. As we will
see, it modifies the intrinsic SOC along the edge modes
of freestanding zigzag TMD ribbons [41]. All parameters
are estimated/taken from density functional calculations
that consider magnetic substrates, where exchange fields
are found to exhibit similar values when the TMD mono-
layer is in proximity to either an FM or AFM substrate
[6, 31], and the atoms closer to the TMD dominate.
Proximitized AFM zigzag edges.—Figure 2(a) shows
the spin projections SY and SZ for the electronic spec-
trum of a MoTe2-AFM1 heterostructure with typical in-
terfacial Rashba field λR = 72 meV, for momentum kx
along the long ribbon direction. The SX component is
vanishingly small, as the Rashba field here is along the
y-axis [48]. For comparison, Fig. 2(b) shows results for
a weaker interfacial Rashba field λR = 36 meV [49].
The combined effect of the AFM1 exchange and Rashba
fields leads to antisymmetric dispersions about kx = 0
for the edge modes dispersing through the bulk gap.
Contrary to ribbons (or monolayers) on FM substrates
[6, 39], the spectrum here shows zero valley polarization
in the bulk, preserving TRS in the structure, as the net
induced magnetization is zero. In the bulk bandgap re-
gion we can identify three pairs of dispersing edge modes,
with wavefunctions localized on either the Mo edge, la-
beled Mo1λ and Mo2λ, or on the Te edge, Teλ [44]. Each
edge mode has two branches with eigenenergies Eβ±(kx)
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FIG. 2. Spin projections of the energy spectrum for zigzag ribbon in MoTe2-AFM1 system. Mo1λ, Mo2λ and Teλ label the
edge modes in the bulk midgap, indicated with light and dark green, and orange solid lines, respectively. In (a) the interfacial
Rashba field λR = 72 meV; in (b) is set to half that value. Left panels in (a) and (b) show SY projection; right panels show
SZ. Color bar indicates positive (negative) spin projection as blue (red) gradient. ∆
Mol
1 and ∆2 indicate the spin-splitting
and intramode gap, respectively, at the X,X ′ valleys. Panels (c) and (d) illustrate spin projections for different momentum
X ′ ≤ kx ≤ X for both higher Mo1,+ and Te+ branches, highlighted with thicker light green and orange lines respectively in
panel (a). The arrow’s size (direction) indicates the magnitude (orientation) of the spin projection [48].
(β = Mo1,Mo2,Te), shown with solid lines in Fig. 2(a),
and exhibiting spin orientation that depends strongly on
kx and the corresponding λR. At the Γ point, the edge
states remain degenerate, as expected.
The spin-splitting ∆β1 (kx) = E
β
+ − Eβ− varies almost
linearly with momentum |kx|, and reaches its maxi-
mum value near the X,X ′ points [44], proportional to
the interfacial Rashba couplings. An inter-mode gap
∆2 = E
Mo2− −EMo1+ is present at the zone edges [see Fig.
2(a)] due to the double magnetic period induced by the
AFM1 substrate. Notice that ∆2 increases with smaller
λR, as the exchange field remains–see Fig. 2(b). The
competition between SOC and induced exchange fields
produces interesting spin structure content in the midgap
edge modes, as mentioned above. Figure 2(c) and (d) il-
lustrate this for the system in panel 2(a), where the SY
projection is seen to dominate for all kx, although SZ is
non-zero. This results in canted spin orientation for dif-
ferent kx-energy values, which would prove important in
the resulting edge currents to be discussed below. Notice
that smaller λR values result in larger SZ projections, as
seen in Fig. 2(b), and similar spin textures for the edge
states.
The nanoribbon also sustains a Teλ edge mode only,
appearing as a pair of higher energy branches that hy-
bridize with the conduction bulk bands for |kx| ' pi/2a
in Fig. 2(a) [while not in 2(b)]. The spin projections for
the Teλ modes are similar to those of the Mo1λ modes at
the same kx, as illustrated in Fig. 2(d). The supplement
shows examples of edge wavefunctions for the different
modes [44].
Another interesting system is the case of the MoTe2-
AFM2 heterostructure in Fig. 1(b), which has parallel
induced moments along the zigzag edges but opposite
magnetization across the ribbon. The exchange field pat-
tern in this case contributes as AFM coupling to the
bulk, while being effectively FM along the zigzag edges.
As a result, the induced moments preserve TRS in the
bulk but break it for the electronic edge states. The
energy spectrum is shown in Fig. 3 with SY and SZ
projections, having clear differences with respect to the
MoTe2-AFM1 system. The broken TRS on the edges
here produces strongly spin-polarized modes dispersing
through the bulk midgap with large SZ projection, non-
4degenerate for kx = 0, and very similar behavior to the
case when the nanoribbon is proximitized by a FM sub-
strate [39]. Notice that upward dispersing modes are
localized on the metallic Mo edge, as labeled. If the ex-
change field is reversed, the edge modes reverse SZ as
expected, with SY determined by the interfacial Rashba
field. Because the induced exchange on the zigzag edges
behaves as an effective FM coupling, we can expect spin-
polarized currents similar to the MoTe2-FM case [39],
propagating along the edges when the Fermi level lies in
the bulk gap of the MoTe2-AFM2 hybrid.
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FIG. 3. SY and SZ spin projections of the energy spectrum
in the MoTe2-AFM2 system in Fig. 1(b). Color bar indi-
cates positive (negative) spin projection as blue (red) gradi-
ent. Nearly full SZ polarization for all midgap edge modes is
due to parallel exchange fields along the zigzag edges of the
ribbon.
Spin currents.–We now turn our attention to spin cur-
rents in these ribbons. As the system is gated and the
Fermi energy is midgap, the current is only along the
edges. We focus on the spin currents along the Mo edge
in the MoTe2-AFM1 structure of Fig. 2(a), as they allow
more tunable spin polarization in the gap region. For
convenience, we fit the tight-binding dispersion and spin
projections to an analytical next-nearest-neighbors tight-
binding model with an appropriate AFM basis–see [44]
for details.
The spin currents are given by jspini = Si
∂E(k)
~∂k [50],
where i = X,Y,Z. Figure 4 shows jspinY [panel (a)] and
jspinZ [panel (b)] (j
spin
X is negligible), for right movers with
energies within the gap. The contribution from each Mo-
branch is shown as dashed (Mol−) and dotted (Mol+)
lines, with l = 1, 2, while the total spin current along
the Mo-edge is shown by a solid black line. The spin
current is non-zero mostly in the range between 0.2 eV
and 0.7 eV, following the splitting of the different Mo-
branches, and typically jspinY ' −10jspinZ (notice different
horizontal scales). Below 0.35 eV, only the Mo1λ bands
compete with each other, reaching a maximum spin cur-
rent at EF ' 0.28 eV, where only Mo1+ contributes. A
similar maximum value of jspinY is seen at EF ' 0.6 eV
where the spin current is mostly contributed by Mo2−.
There is clearly no spin current in the ∆2 region where
no propagating states exist. For energies > 0.6 eV the
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FIG. 4. Spin currents (horizontal axis) for components (a)
jspinY and (b) j
spin
Z along the Mo edge of the MoTe2-AFM1
system of Fig. 1(a), for Fermi energies across the midgap (ver-
tical axis)–blue shaded areas indicate bulk bands. Contribu-
tions of each Molλ branch are shown as dashed (dotted) lines,
while total spin current is shown by solid black line. Notice
different horizontal scales.
competition between the Mo2λ bands decreases the spin
current magnitude, until the Fermi energy reaches the
conduction bulk bands and the current vanishes.
These results show that the spin current is highly tun-
able along the Mo-edge. As the Fermi level is shifted by
gate fields, one would have the ability of selecting either
a mostly up jspinY current, EF . 0.35 eV, down j
spin
Y cur-
rent, 0.5 eV . EF . 1.0 eV, and corresponding smaller
jspinZ component, or no current at all for EF ∈ ∆2, all
within the same MoTe2-AFM1 nanoribbon sample. This
is in striking contrast to the MoTe2-AFM2 and MoTe2-
FM cases [39], where the Mo-edge will present spin cur-
rents with varying magnitude but the same sign through-
out the gap. We should further remark that one can
anticipate that point defects will not affect the results
significantly [41, 51]. Realistic random bulk and edge
disorder has been proved to only slightly suppress the
edge currents in the MoTe2-FM case, as the structural
protection of the materials results in robust edge states
[39]. The reversibility of the spin current on AFM sub-
strates and the robustness of edge states in these systems
promises interesting ”ambipolar” spin transistor devices
within the same structure.
Conclusions.–Zigzag ribbons deposited on AFM sub-
strates show midgap states with complex dispersion and
associated spin current response that depend on the in-
duced exchange field patterns. The proximity interac-
tion with antiparallel induced moments along the zigzag
edge of ribbons results in controllable up and down spin
currents for midgap Fermi levels over wide Fermi energy
range, where the Rashba spin-split Mo branches com-
5pete with each other. In contrast, the results for parallel
induced moments are similar to those on proximitized
ferromagnetic substrates, where spin-polarized currents
along the edges for Fermi energy in the bulk gap exist,
with tunable orientation and magnitude. The proposed
hybrid systems here can serve as versatile platform to ex-
plore induced antiferromagnetism and 1D systems with
complex spin textures. These structures could be used to
build novel devices in diverse solid-state operations such
as tunable spin transistors.
Acknowledgments.–N.C. acknowledges support from
Conicyt, Fondecyt grant no. 3200658. O.A´.-O. and
S.E.U. acknowledge support from NQPI and NSF grant
no. DMR 1508325.
∗ natalia.cortesm@usm.cl
† Current address: Department of Physics, Ohio State Uni-
versity, Columbus, Ohio 43210, USA
[1] I. Zˇutic´, A. Matos-Abiague, B. Scharf, H. Dery, and
K. Belashchenko, Mater. Today 22, 85 (2019).
[2] C. Gong and X. Zhang, Science 363, eaav4450 (2019).
[3] M. Gibertini, M. Koperski, A. F. Morpurgo, and K. S.
Novoselov, Nat. Nanotechnol. 14, 408 (2019).
[4] H.-X. Yang, A. Hallal, D. Terrade, X. Waintal, S. Roche,
and M. Chshiev, Phys. Rev. Lett. 110, 046603 (2013).
[5] Z. Qiao, W. Ren, H. Chen, L. Bellaiche, Z. Zhang, A. H.
MacDonald, and Q. Niu, Phys. Rev. Lett. 112, 116404
(2014).
[6] J. Qi, X. Li, Q. Niu, and J. Feng, Phys. Rev. B 92,
121403(R) (2015).
[7] Q. Zhang, S. A. Yang, W. Mi, Y. Cheng, and U. Schwin-
genschlo¨gl, Adv. Mat. 28, 959 (2016).
[8] P. Wei, S. Lee, F. Lemaitre, L. Pinel, D. Cutaia, W. Cha,
F. Katmis, Y. Zhu, D. Heiman, J. Hone, J. S. Moodera,
and C.-T. Chen, Nat. Mater. 15, 711 (2016).
[9] J. C. Leutenantsmeyer, A. A. Kaverzin, M. Wojtaszek,
and B. J. van Wees, 2D Mater. 4, 014001 (2016).
[10] S. Su, Y. Barlas, J. Li, J. Shi, and R. K. Lake, Phys.
Rev. B 95, 075418 (2017).
[11] T. Jungwirth, X. Marti, P. Wadley, and J. Wunderlich,
Nat. Nanotechnol. 11, 231 (2016).
[12] T. Jungwirth, J. Sinova, A. Manchon, X. Marti, J. Wun-
derlich, and C. Felser, Nat. Phys. 14, 200 (2018).
[13] O. Gomonay, V. Baltz, A. Brataas, and Y. Tserkovnyak,
Nat. Phys. 14, 213 (2018).
[14] J. Li, C. B. Wilson, R. Cheng, M. Lohmann, M. Ka-
vand, W. Yuan, M. Aldosary, N. Agladze, P. Wei, M. S.
Sherwin, et al., Nature 578, 70 (2020).
[15] V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono,
and Y. Tserkovnyak, Rev. Mod. Phys. 90, 015005 (2018).
[16] D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Phys.
Rev. Lett. 108, 196802 (2012).
[17] G.-B. Liu, D. Xiao, Y. Yao, X. Xu, and W. Yao, Chem.
Soc. Rev. 44, 2643 (2015).
[18] X. Xu, W. Yao, D. Xiao, and T. F. Heinz, Nat. Phys.
10, 343 (2014).
[19] K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz,
Phys. Rev. Lett. 105, 136805 (2010).
[20] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman,
and M. S. Strano, Nat. Nanotechnol. 7, 699 (2012).
[21] C. Zhao, T. Norden, P. Zhang, P. Zhao, Y. Cheng,
F. Sun, J. P. Parry, P. Taheri, J. Wang, Y. Yang,
T. Scrace, K. Kang, S. Yang, G.-x. Miao, R. Sabirianov,
G. Kioseoglou, W. Huang, A. Petrou, and H. Zeng, Nat.
Nanotechnol. 12, 757 (2017).
[22] D. Zhong, K. L. Seyler, X. Linpeng, R. Cheng,
N. Sivadas, B. Huang, E. Schmidgall, T. Taniguchi,
K. Watanabe, M. A. McGuire, W. Yao, D. Xiao, K.-
M. C. Fu, and X. Xu, Sci. Adv. 3, e1603113 (2017).
[23] K. L. Seyler, D. Zhong, B. Huang, X. Linpeng, N. P.
Wilson, T. Taniguchi, K. Watanabe, W. Yao, D. Xiao,
M. A. McGuire, K.-M. C. Fu, and X. Xu, Nano Lett.
18, 3823 (2018).
[24] C. Zou, C. Cong, J. Shang, C. Zhao, M. Eginligil, L. Wu,
Y. Chen, H. Zhang, S. Feng, J. Zhang, et al., Nano Res.
11, 6252 (2018).
[25] L. Ciorciaro, M. Kroner, K. Watanabe, T. Taniguchi,
and A. Imamoglu, “Observation of Magnetic Proximity
Effect Using Resonant Optical Spectroscopy of an Elec-
trically Tunable MoSe2/CrBr3 Heterostructure,” (2020),
arXiv:2002.02306.
[26] T. Norden, C. Zhao, P. Zhang, R. Sabirianov, A. Petrou,
and H. Zeng, Nat. Commun. 10, 1 (2019).
[27] C. Ke, Y. Wu, W. Yang, Z. Wu, C. Zhang, X. Li, and
J. Kang, Phys. Rev. B 100, 195435 (2019).
[28] X. Xue, X. Wang, and W. Mi, J. Phys. D: Appl. Phys.
52, 115303 (2019).
[29] L. Xu, M. Yang, L. Shen, J. Zhou, T. Zhu, and Y. P.
Feng, Phys. Rev. B 97, 041405 (2018).
[30] G. Yang, J. Li, H. Ma, Y. Yang, C. Li, X. Mao, and
F. Yin, Phys. Rev. B 98, 235419 (2018).
[31] K. Zollner, P. E. Faria Junior, and J. Fabian, Phys. Rev.
B 100, 085128 (2019).
[32] N. Li, J. Zhang, Y. Xue, T. Zhou, and Z. Yang, Phys.
Chem. Chem. Phys. 20, 3805 (2018).
[33] E. Gomonay and V. Loktev, Low Temp. Phys. 40, 17
(2014).
[34] R. Sokolewicz, S. Ghosh, D. Yudin, A. Manchon, and
M. Titov, Phys. Rev. B 100, 214403 (2019).
[35] H. Rostami, R. Asgari, and F. Guinea, J. Phys.: Con-
dens. Matter 28, 495001 (2016).
[36] O. A´valos-Ovando, D. Mastrogiuseppe, and S. E. Ulloa,
Phys. Rev. B 93, 161404 (2016).
[37] M. Shahbazi, Physica B: Condens. Matter 545, 159
(2018).
[38] F. Cheng, H. Xu, W. Xu, P. Zhou, J. Martin, and K. P.
Loh, Nano Lett. 17, 1116 (2017).
[39] N. Corte´s, O. A´valos-Ovando, L. Rosales, P. Orellana,
and S. Ulloa, Phys. Rev. Lett. 122, 086401 (2019).
[40] H. C. Diaz, Y. Ma, R. Chaghi, and M. Batzill, Appl.
Phys. Lett. 108, 191606 (2016).
[41] R.-L. Chu, G.-B. Liu, W. Yao, X. Xu, D. Xiao, and
C. Zhang, Phys. Rev. B 89, 155317 (2014).
[42] G.-B. Liu, W.-Y. Shan, Y. Yao, W. Yao, and D. Xiao,
Phys. Rev. B 88, 085433 (2013).
[43] X. Li, T. Cao, Q. Niu, J. Shi, and J. Feng, Proc. Natl.
Acad. Sci. U.S.A. 110, 3738 (2013).
[44] See Supplemental Material at [URL will be inserted by
publisher] for a general description of the ribbon lattices,
extended Hamiltonian, and effective fits to band struc-
ture and spin projections.
6[45] C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 226801
(2005).
[46] H. Ochoa and R. Rolda´n, Phys. Rev. B 87, 245421
(2013).
[47] T. Frank, P. Ho¨gl, M. Gmitra, D. Kochan, and J. Fabian,
Phys. Rev. Lett. 120, 156402 (2018).
[48] Note that a small external field of 1 meV along SZ is used
to break the spin degeneracy, not affecting the overall
results.
[49] Different Rashba fields could be achieved through differ-
ent or decorated AFM surfaces, or via gate fields for a
given substrate-specific exchange field Bv, see Ref. [1].
[50] J. Sinova, D. Culcer, Q. Niu, N. A. Sinitsyn, T. Jung-
wirth, and A. H. MacDonald, Phys. Rev. Lett. 92,
126603 (2004).
[51] E. Ridolfi, L. R. Lima, E. R. Mucciolo, and C. H.
Lewenkopf, Phys. Rev. B 95, 035430 (2017).
